In order to design a well-performing hybrid storage system for trams, optimization of energy management strategy (EMS) and sizing is crucial. This paper proposes an improved EMS with energy interaction between the battery and supercapacitor and makes collaborative optimization on both sizing and EMS parameters to obtain the best working performance of the hybrid storage system. This paper demonstrates the whole process of the improvement of the EMS, the traction calculation, the parameter optimization, and the sizing optimization based on real tram and line conditions. The improved strategy is proven to be superior as it guarantees normal operation and avoids shutdown conditions when the supercapacitor is at a low voltage. Furthermore, the optimized sizing result largely decreases the weight of the storage system and obtains a long battery lifespan.
Introduction
As a kind of irreplaceable transportation in cities, the tram has experienced a process of development, decline, and innovation. From 1985, trams have been revived and have undergone fast development, thus becoming a significant symbol of modern cities. Modern trams have a higher speed, larger passenger volume, and higher comfort level than old trams and have become an important part of urban public transportation alongside buses and the subway. There are many new technologies in the development of modern trams, such as low floor technology, bogie technology, and non-grid power supply technology [1] [2] [3] . There are two kinds of non-grid power supply technologies: sectional ground power supply technology and on-board energy storage technology. The more commonly used is on-board energy storage technology. There are some similarities between a tram with on-board energy storage and an electric vehicle. However, there are also some differences. Trams have a large carrying capacity, high power and energy demand, and relatively fixed operating conditions. The common on-board energy storage system of trams includes a battery system, a supercapacitor system, a flywheel system, a hybrid system of an internal combustion engine and battery or supercapacitor, a battery, and a supercapacitor hybrid power system. Batteries and supercapacitors are the most widely used vehicle power systems, and they first appeared on trams in Europe [4] and Japan. In recent years, China's trams have also had a lot of applications: the Guangzhou Haizhu line uses a supercapacitor as the only power source; the Nanjing Hexi line and Jiangsu Huaian line only use batteries. However, battery-only storage system cannot have both high velocity and long lifespan because the battery's power density is lower than the supercapacitor, the high-power configuration will cause heavy weight, and it cannot discharge at high rate both for considerations of security and lifespan. In contrast, a supercapacitor-only storage system has high velocity and long lifespan, but the distances between the charging stations need to be very short given that if the supercapacitor's energy density is too low and the configuration cannot be very large, so it lacks endurance. To further improve the energy density and power density as well as the endurance of the energy storage system and reduce the volume and weight, more researchers have worked on hybrid energy storage systems with a battery and a supercapacitor.
EMS is an allocation standard of different energy storage systems and decides the performance of the hybrid energy storage system. There are many types of strategies used in engineering, such as the logic threshold approach [5, 6] , which switches working states based on voltage thresholds, power thresholds, or something else. The strategy is simple and easy to control. However, the method generally relies on engineering experience and a lack of flexibility. Another popular method is the frequency decoupling strategy, which splits power based on defined frequency where the supercapacitor works with high frequency power requirements and the battery works with the low part [7] . This strategy is commonly used in electric vehicles where the supercapacitor is used as an auxiliary power supply system to provide and absorb high-frequency power. The main aim of the strategy is to lighten the pressure of the battery and extend the lifetime. Furthermore, there is another heuristic EMS based on fuzzy logic rules to classify working states [8, 9] . The fuzzy logic rules have been used for a long time, so it has an accomplished theory and robustness. The above-mentioned methods can be applied in trams. However, all of the methods concentrate on neither the output characteristics of the hybrid storage system nor the lifespan of the battery, and none of them have made full use of the complementation between battery and supercapacitor. When the tram is in an emergency such as traffic jam or something else that makes the supercapacitor run out of energy, the tram can only slow down or stop.
Sizing is the key step of the tram's hybrid storage system optimization, and it has an impact on the characteristics of the energy storage system. Sizing seems to only influence the weight and volume of the hybrid storage system, nevertheless, the initial cost, life-cycle cost, battery lifespan, vehicle efficiency, and other elements are relative to sizing optimization. The procedure can be simple if it only considered the boundary conditions such as energy consumption, peak power, weight limitation, and terminal voltage [10] [11] [12] . Most of the sizing is based on certain EMS. The configuration result satisfies all the demands of operation and design; however, it is not the optimized result. Considering further optimization within the limitations, some papers have compared and selected the optimized sizing results by traverse method or algorithms [13, 14] . However, the sizing optimization can influence the effect of the EMS as the parameters in the strategy are not always the best applied in a system with different sizing.
Most studies have used the defined EMS in the sizing optimization but have ignored the interaction between them. Only the collaborative optimization can make the energy storage system obtain a better working state. Based on the above matters, the contributions of this paper are as follows: The collaborative optimization is divided into three steps in the paper, as is shown in Figure 1 . The first step proposes the improved EMS with energy interaction. The second step is to make optimization and obtain the optimal parameters in EMS. The third step is to make a multi-objective optimization of sizing and obtain a hybrid storage system with the best effect under this EMS. These three steps result in a system with relatively light weight, long lifespan, and good characteristics. Additionally, the EMS with energy interaction guarantees normal operation all the time, even in emergencies.
This paper is organized as follows. Section 2 provides the model of the hybrid storage system. Section 3 introduces the traction calculation procedure for the tram. Section 4 puts forward the improved EMS with energy interaction. Section 5 introduces the detailed process of collaborative sizing optimization. A detailed optimization procedure for the sizing and parameters in EMS based on real condition of trams and lines as well as simulation analysis are shown in Section 6. Section 7 presents the conclusions of the paper. 
Hybrid Storage System of Tram
A tram's hybrid power system mainly consists of an energy storage system and a motor system. The motor system is connected to the DC bus through the inverter, whose power is all from the hybrid energy storage system. The storage system charges and discharges by receiving the control signal according to the requirement of the motor so that it can provide traction and auxiliary power and absorb regenerative braking power [15] . DC/DC converter is one of the key parts of a hybrid power system and it is one of the causes of system loss. To improve the efficiency of DC/DC and reduce the switching loss and impedance loss as well as the ripples, researchers have put forward many new ideas including increasing the bridge arm, improving the topology [16] , using isolated switching devices, and so on. Common topologies for hybrid systems are shown in Figure 2 [17] , which is mainly divided into single DC/DC topology (in Figure 2a The single DC/DC topology can control the power distribution of an energy storage device, and the hardware control is simple and the programming is convenient. In the topology shown in Figure 1a , the supercapacitor is directly connected to the DC bus, which reduces the power level of the DC/DC and helps to reduce the volume and weight of the energy storage system. However, due to the volatile voltage fluctuation of the supercapacitor, the storage's stability and efficiency are weakened.
As shown in Figure 2b , the battery in the topology is directly parallel to the DC bus, and the bus voltage no longer fluctuates. However, when compared with the topology in Figure 1a , the power level of the DC/DC increases. Thus, the topology makes an increase in volume and weight.
The double DC/DC topology can control two kinds of energy storage devices at the same time, whose algorithm is more complex, but the control precision is high, the bus voltage fluctuation is small, and the system efficiency is high. At the same time, as one of the storage packs is directly connected to the DC bus in the single topology, the sizing optimization of the system is limited. Nevertheless, the topology with double DC/DC can reduce the volume and weight of the energy storage system through the further sizing optimization. Compared with Figure 2c , Figure 2d is more favorable for control and has a wider range of application. The tram used in this paper used the topology shown in Figure 2d , and the structure of the tram and its on-board hybrid power system is shown in Figure 3 . The relationship between the output power and the demand power of the hybrid storage system can be expressed as follows by the simplified nonlinear formula:
where P req is the required power from the DC bus. P b and P sc are the power requirements of the battery and supercapacitor, respectively. η dc is the efficiency of every DC/DC converter. I b and I sc are the currents of battery and supercapacitor, respectively. The battery model is based on the "Thevenin" battery model [18] , as is shown in Figure 4a . The relations among current and voltages are shown in the following equations. And the model of supercapacitor could be simplified as a "RC" capacitor model. The relations are shown in Equation (3):
The equations of states of charge (SOC) are shown below:
where SOC b0 is the initial SOC of battery, and Q b0 is the battery cell's charge at the SOC of 100%. Additionally, to ensure the quality of the storage system, the voltages and SOCs are limited to a certain range, and the formula is expressed as follows:
Traction Calculation
Tram without support of traction network is a separate system. Before the design and optimization of hybrid storage system, the power and energy requirements during operation should be firstly acquired. The information can be obtained from traction calculation. The tram is subjected to traction force F, braking force B, and basic resistance ω 0 and additional resistance ω j . The equation of additional resistance is shown as follows:
where ω i is unit ramp resistance and ω r is unit curve resistance. There are mainly three states of tram operation, traction, coasting and braking. The resultant force is calculated according to operation state, Equations (7)- (9) show the formula of traction state, coasting state, and braking state, respectively.
The equations of velocity and location are shown as follows:
V t+∆t = V t + a t ·∆t a t = c t g 1000(1+γ) (10) The equations of power requirement are shown in Equation (11) .
The tram traction software calculates the data based on the above formula. As Figure 5 shows, the tram conditions include marshaling, weight, motor parameters, and the line conditions include station information, station spacing, ramp conditions, curve conditions, and so on. The obtained curves of power, velocity, and energy consumption can be further used for the next step of optimization. 
Energy Management Strategy
The EMS determines how the battery and supercapacitor cooperate with each other. As we know, batteries have high energy density, and supercapacitors have high power density, so to make full use of the advantages, the supercapacitor is required to provide peak traction power and absorb peak regeneration power in actual working conditions, and the battery is used to supply steady and low traction power and to absorb small part of regeneration power. In high-power applications, high discharge currents are thought to have the biggest effect on battery lifetime [19] . To avoid current impact and decrease charging time as much as possible to prolong the lifetime of the battery, its power ratio should be smaller than that of the supercapacitor.
The EMS with a fixed power ratio is the method that the ratio of output power between battery and supercapacitor is fixed. When the required power is time varying according to real working condition, each pack will be required to supply the charging or discharging power through the ratio. The power equations of traction mode and regeneration mode are shown in Equations (12) and (13), respectively.
where p b is the power ratio of battery and p sc is the power ratio of the supercapacitor. However, if the fixed power ratio method is put into use without improvement, in the case of the appearance of stations that consume too much energy or the charging station breaks down or any other occurrences, the supercapacitor's state of charge (SOC) will be too low that it will influence the traction mode of the tram, and the hybrid storage system cannot work normally, thus causing deceleration or the tram to shut down. To prevent such conditions from happening, the EMS should be improved where the battery provides protection for the supercapacitor in special cases. At this time, the battery's output power will increase to the highest. If the power requirement of the tram is relatively low, the battery can provide whole traction power and charge for the supercapacitor at the same time, thus going into the energy interaction mode and restraining the supercapacitor's voltage from dropping off. The power equations for the special traction mode are shown as follows:
If the supercapacitor's SOC is lower than the protection threshold SOC scl when it is on a traction mode, the special mode will be launched, and when the SOC of the supercapacitor rises to another protection threshold SOC sch , the special mode will be quitted. This special mode can protect the supercapacitor from the problem of insufficient power and shrink the working range, so it will help to reduce the sizing at the same time.
Sizing Optimization

Condition Analysis
Sizing is based on the fixed EMS shown in the last chapter. Considering the real requirements of trams and lines, there are limitations during the optimization process. The relationship of current, voltage, and power is defined as:
where U b is the terminal voltage of the battery, and the limitation should be satisfied as Equation (17) shows, and similarly, the limitation caused by the supercapacitor is shown in Equation (18):
where U sc is the terminal voltage of the supercapacitor. The operation state of the storage system changes frequently. To satisfy the power requirements at every moment, the real-time charging or discharging power of the battery and the supercapacitor should satisfy the power requirements and bear the loss. P b + P sc ≥ P req + P los (18) There are some charging stations along the line, which supplements the storage system. As a result, the whole energy requirement of the tram can be supplied by the initial energy that the storage system brings and the charging energy that charging stations provide, as shown in Equation (20) .
where E b , E sc , E char , E req , and E los are the initial energy of battery and supercapacitor, the whole energy supplied in charging stations, the whole energy requirement of the tram, and the whole energy loss, respectively. If the hybrid storage system is installed on the tram, it should not be too heavy to limit the normal operation and number of passengers. The limitation is shown in the following equation:
where M b and M sc are the weight of the battery and the supercapacitor, respectively, and M lim is the maximum weight limitation of the hybrid storage system. Taking cost and maintenance into consideration, the change times should not be too frequent. Therefore, the battery lifespan is required to be long enough. The criterion directly influences the ratio of the battery's output energy.
Optimization Procedures
Sizing optimization makes interaction effective with an EMS [20, 21] . A good EMS can improve the utilization of an energy storage system and can reduce the sizing based on the system requirements. The optimization variables are the series and parallel numbers of a battery cell and a supercapacitor cell. A defined hybrid storage system and its working condition can be decided once a set of variables has been confirmed.
For a hybrid power system, many factors need to be considered in practical engineering design. First of all, due to the limited axle load of a tram, the weight of an on-board energy storage system should be limited to a certain extent to provide more passenger space. Second, a battery's lifespan is much shorter than a supercapacitor, so it may lose its function and need to be replaced before the energy storage system reaches its calendar life. To reduce the trouble caused by battery replacement and prevent replacement cost, a battery's lifespan should be considered in sizing optimization. To evaluate the battery's lifespan, the battery loss index LI b is introduced to indicate the loss of battery during operation. The formula is as follows:
where C T is the number of times that a tram operates a day. L b is the maximum number of cycles for the battery. The higher the LI b , the higher the battery loss and the shorter the battery lifespan. The efficiency and weight of the energy storage system cannot be optimized at the same time. Under the same EMS, the energy consumption of the battery is certain for a whole line operation. Therefore, the less the battery configuration, the more the battery cell charges on average, and the less lifespan it has. In contrast, the larger the battery configuration, the lower the battery cell charges on average, and the longer the lifespan, but the weight of the system will increase. To optimize the weight and the battery lifespan at the same time, the multi-objective optimization is adopted and the weights of the two objectives, ω 1 and ω 2 are set according to the actual demands. The optimization formula of sizing is as follows: minF(
where N bs , N bp , N scs , and N scp are the series and parallel numbers of the battery and the supercapacitor, respectively, and M nor and LI bnor are the normalized weight and battery loss index. The normalization formula is as follows:
In this paper, the optimal value of the established target is obtained by optimizing the series and parallel numbers of the battery and supercapacitor, which is suitable for solving the problem by using the intelligent optimization algorithm. This paper uses an improved particle swarm optimization (PSO) algorithm. The constitutions of sizing optimization program are shown in Figure 6 . The sizing software is divided into two parts. The main program is to select and optimize the variables in the selected value range using the optimization algorithm. Each group of variables on behalf of a certain hybrid storage system generated by the main program will enter the subprogram to perform the real-time operation simulation under the required EMS; the ones that meet the constraints are reserved and go into the next iteration, and the others are eliminated with the assignment of the minimum fitness value.
Case Study
Tram and Line Conditions
The paper selects a defined tram line as the study object. The total length of line is 9.44 km, there are 11 stations, and every station has a charging device except Station 2. Data of station spacing among stop stations are shown in Figure 7 . The important parameters of tram are shown in Table 1 . The parameters of tram and line are inputted into the traction calculation software, and the power demand curve is shown in Figure 9 . The maximum power is about 1 MW, and the power changes quickly. The energy consumptions with and without regeneration are shown in Figure 10 .
There are great differences in energy consumption among stations. For instance, the consumption between Station 8 and Station 9 is very high. As for Station 2, it is not a charging station and the storage system cannot get supplement there, the storage system should actually store enough energy to support the operation between Station 1 and Station 3 and the energy consumption is relatively high at the same time. On the contrary, the energy consumption between Station 3 and Station 4 is very low and some other stations consume little energy as well.
Charging method also has large influence on sizing optimization. The charging process lasts 30 s, during this time, the charging post offers 1500 A charging current to the DC bus, and the power is distributed based on the fixed power ratio, whose value is the same with operation. 
Parameter Optimization
The parameters of EMS include power ratio and SOC thresholds and the optimization is divided into two steps. The main input parameters of the sizing optimization program under the above-mentioned condition are shown in Table 2 . The types of battery and supercapacitor have large influence on sizing result, for the energy density and power density directly decide how many cells the system allocates, the higher the energy density and power density are, the lighter the storage system is. The lithium titanate battery has the advantages of high power density and relatively long lifespan among different types of batteries, so it is popular among high power applications. After wide investigation about characteristics and price, the paper finally chooses MV06203127NTP from Microvast (Stafford, TX, USA). Maxwell (San Diego, CA, USA) has been studying and manufacturing supercapacitors for many years and the quality can be guaranteed. The paper chooses BCAP3000 from Maxwell with both long lifespan and good characteristics. The main parameters of the battery and supercapacitor are shown in Table 3 . The power ratio of the battery and supercapacitor affects the sizing of the hybrid storage system, thus affecting the charging and discharging characteristics, weight, and lifespan of the hybrid energy storage system. To verify which ratio is most suitable for the defined vehicle and the line conditions, the battery's power ratio p b is discretized from 0.1 to 0.9 and compared with the characteristics with the pure battery system and pure supercapacitor system, whose p b parameters are 1 and 0, respectively. The efficiency of the energy storage system needs to be considered in the optimization. The loss of the energy storage system exists in the energy storage components, power electronic devices, and impedance components. Due to the different characteristics of the battery and supercapacitor, the EMS will impact the efficiency of energy storage system. System loss results in the overheating of the energy storage system, which will damage the lifespan of the energy storage device and cause an increase in power consumption and cost.
After the multi-objective optimization of the energy storage system with different battery power ratios, the weight, battery loss index, and the system efficiency under the optimal sizing results of each power ratio are shown in Figure 11 . Figure 11 . Weight, battery loss index, and the system efficiency curves under the optimal sizing results of each power ratio.
It can be seen from Figure 11 that the higher the power ratio of the battery, the lighter the weight and efficiency of the system. This is due to the high energy density and high internal resistance of the battery. At the same time, the battery loss index rises due to the increase of the battery output. In order to find the equilibrium among the three performances, LI b and weight are given the weighting of 0.7 and 0.3, respectively. The optimal result occurs when the power ratio of battery is 0.3.
In the next step, the parameters in the improved EMS are further optimized. The third chapter puts forward the improved management strategy with energy interaction where the thresholds of entry and exit of the special status are the supercapacitor's SOC values, SOC scl and SOC sch . The thresholds determine when the special state begins and how long it continues, and thus it determines how much the battery contributes and how long the battery's lifespan is. The parameters have direct influence on sizing optimization because they decide the working range of the storage system especially the supercapacitor. Therefore, it is necessary to optimize the two thresholds according to the demand. In this paper, all the allocations of SOC scl and SOC sch are traversed, and the battery loss index and the supercapacitor's maximum depth of discharge (DOD) is obtained when the p b is 0.3, as shown in Figure 12a ,b, respectively.
The value of SOC scl is always less than that of SOC sch . It can be seen from Figure 12a that the smaller the SOC scl and SOC sch , the smaller the battery loss index. Energy interaction adds an additional loss of battery, so LI b is higher than that without energy interaction. Conversely, the higher the SOC scl and SOC sch , the smaller the supercapacitor's maximum DOD, and the sizing can be further optimized. However, too frequent energy interaction will lead to a lower battery lifespan, and the regeneration failure will occur if the supercapacitor's SOC is always maintained at a high level. Therefore, the loss index of the battery and the maximum DOD of the supercapacitor cannot be optimized simultaneously. The multi-objective optimization of the battery loss index and the supercapacitor's maximum DOD are both carried out with weights of 0.5. The relationship among SOC scl , SOC sch , and the target value is shown in Figure 13 . As is shown from Figure 13 , the minimum value is concentrated in the dark blue region, and the EMS with the corresponding pair of SOC thresholds makes the best effect. After analysis and comparison, SOC scl and SOC sch are set to be 0.4 and 0.7, respectively.
Sizing Optimization
When the power ratio of the battery is 0.3 and the SOC thresholds are 0.4 and 0.7, the supercapacitor's operation range is relatively small, so the sizing could be further optimized. Therefore, we make a sizing multi-objective optimization based on an EMS with energy interaction using the same method as the above sizing optimization, and the results of sizing under the two strategies are compared in Table 4 . As we can see from the total weight, the optimized sizing under the EMS with no energy interaction is 0.8 t heavier than that with energy interaction, but the total energy is less mainly due to the different configuration of the supercapacitor, which has very low energy density. The energy configuration of supercapacitor with the common method is very high because it should guarantee 70% power and energy demand for the whole line including the longest spacing of the charging station in Figure 7 . So, the configuration cannot be small because of the unevenly distributed charging stations. After the improvement of strategy with energy interaction, the supercapacitor can be charged by battery when the stored energy is not enough, so the pressure is lower, and the configuration result is not restrained by the longest spacing of charging station. Meanwhile, the battery's output increases, and the configuration is 20% more than that without energy interaction due to the output increase of the battery, which provides traction power and replenishes energy for the supercapacitor, and the lifespan should be kept. However, the battery's weight increases a little because of its high energy density.
To conclude, the overmuch configuration of a supercapacitor for the common method brings about the overweight of the hybrid storage system and also increases the volume and initial cost of the system. Conversely, the weight, volume, and initial cost of the optimized sizing for the strategy of energy interaction are effectively reduced. After the whole optimization of energy management and sizing, the weight of configuration has dropped by 22%. This is meaningful for the onboard storage system, and the tram will have a larger space for passengers.
Simulation Analysis
The parameters of EMS and configuration result are described in the section above, thus the performance of hybrid storage system could be confirmed, and the simulation results of power distribution are shown in Figure 14 .
The power curves and SOC curves of battery and supercapacitor are shown in Figure 14a ,b, respectively. The hybrid storage system operates normally among all the stations. It works based on fixed power ratio at majority of time: the energy interaction state appeared eight times, and the state starts when the SOC sc is lower than 0.4 and ends when it is higher than 0.7. It is obvious that the supercapacitor can be fully charged at every charging station to guarantee the operation for the next distance. The charging time of the supercapacitor is very short for only a few seconds, while the battery charges relatively slow, so it can continue charging during the whole charging time. The battery thus can replenish energy as much as it can, so it keeps a high level of SOC during the whole operation. The superiority of the improved EMS particularly appears at the stations that consumes lots of energy. Here is a set of contrast simulation between short station spacing (between Station 5 and Station 6) and long station spacing (between Station 7 and Station 8). The power curves and SOC curves are shown in Figures 14 and 15 , respectively. The power distribution curves of the long spacing are shown in Figures 15a and 16a . The energy interaction state appeares two times, and it appears when the traction process is about to end. The battery can provide supercapacitor with residual power only if the reqiured traction power is less than the maximum output power of battery. The first energy interaction state and the regeneration state don't provide enough energy for the supercapacitor, so there is another energy interaction state during the next traction process. However, when the required power is higher than the battery can supply and the supercapacitor's SOC is lower than SOC scl , the supercapacitor should output power, so the SOC sc can be lower than SOC scl . The optimized value of SOC scl prevents SOC sc from being too low and guarantees the normal operation of the hybrid storage system. Conversely, in Figures 15b and 16b , there is no energy interaction because supercapacitor consumes little energy and the SOC is higher than SOC scl all the time. The supercapacitor and the battery work according to fixed power ratio. 
Conclusions
In order to ensure the safe and stable operation of a tram that works without a traction network supply, the onboard hybrid storage system should be designed and optimized carefully to obtain both high energy density and high power density. In addition, as a part of the rail transit, the tram has strict requirements regarding weight and the lifespan of the hybrid storage system. In this paper, a three-step optimization has been put forward to make collaborative optimization on EMS and sizing. First, an improved EMS with energy interaction between the battery and supercapacitor has been proposed to guarantee normal operation even under emergency conditions. Second, the parameters of the EMS have been optimized considering the influence of the configuration result so that the EMS can achieve the best effect. Finally, multiple-objective sizing optimization has been made to get the optimal configuration with low weight, long lifespan, low cost, and so on. The comparation of the configuration results shows great improvement to the EMS and the weight of hybrid storage system. The performance of the optimized hybrid storage system has been verified by simulation.
